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 An Examination of Point Defects and Atomic Diffusion in Silicon 
Chapter 1.
 
Introduction
 
Electronic devices are commonly made by controlled diffusion of impurities, or 
dopants, into a semiconductor to create some desired structure. With the advent of 
integrated circuits, dopant distribution resulting from diffusion became a complicated 
function of multiple processes at elevated temperature'. As circuits have become more 
complex and device sizes have become smaller,  it has been progressively more 
important to be able to predict cumulative diffusion effects of a given set of processes 
before making an expensive commitment to a manufacturing operation. Since most 
electronic devices and circuits are fabricated from silicon, much effort has been 
expended in characterizing and modeling diffusion behavior of various impurities in this 
element. A computer program called SUPREM has proven to be of use in predicting 
impurity distribution resulting from diffusion when used within the range of conditions 
for which the program has been parameterized, but it does not always provide accurate 
prediction'. While industries have found practical solutions to circuit process design, 
there does not yet seem to be any single diffusion model for all impurities which is 
widely accepted as a predictive tool for precisely determining the dopant profile which 
will result from a general set of processing steps. 
Contemporary work on diffusion modeling has been directed at using the silicon 
self-interstitial defect as an important mediator of diffusion-dependent processes. The 2 
possibility that diffusion may be mediated by clusters of vacancies, or other complexes 
lof point defects has been ignored by most investigators. This work develops arguments 
favoring vacancies and vacancy clusters over self-interstitial defects as dominant 
mediators of diffusion processes in Si. This is done through a review of the literature, 
which reveals weak justification for dominance of self-interstitials over vacancies. It is 
also be done using alternative interpretations to those which are widely held in regard 
to observations of Au diffusion and examinations of type A swirl defects. Finally, 
results of two simple experiments are presented to demonstrate effects which are 
anticipated within the context of vacancy behavior, but which are not predicted by 
current diffusion models. 3 
Chapter 2.
 
Review of Literature
 
In the course of studying Cu diffusion in Ge, Frank and Turnbull' proposed that Cu 
diffused interstitially until it encountered a vacancy, where it became a substitutional 
impurity. The expression 
(2-1)  I, + V a I, 
represents the reaction, where I V and Is symbolize interstitial impurity, vacancy and 
substitutional impurity, respectively. It is now commonly known as the Frank-Turnbull, 
or FT, mechanism. 
Wilcox's studied Au diffusion in Si and embraced the FT mechanism as a means to 
interpret his data. Briefly, Au became detectable throughout diffusion specimens very 
quickly, while concentration within the specimen increased slowly over a considerable 
period of time. This can be explained by assuming that interstitial Au diffuses rapidly, 
while total concentration is restricted by the rate at which Au occupies substitutional 
sites. The observations seemed consistent with equation 2-1. Later Sprokel and 
Fairfield' reported results which were supportive of the Wilcox findings. 
Sproker first developed a formal mathematical model for Au diffusion in Si based 
on the FT mechanism. Huntley and Willoughby' extended those ideas by presenting a 
model which incorporated effects of vacancy source/sinks within a Si  crystal. 4 
Dislocations were assumed to be the source/sinks, and the influence of vacancy 
source/sinks were mathematically described by a term having the form 
(2-2)  d[V]/dt = A([V]e4/[V]  [V]/[V]el) 
where [V]el is the equilibrium vacancy concentration and A is called a rate constant. 
The Huntley-Willoughby model did a good job of describing observed Au diffusion 
behavior. However, the validity of equation 2-2 was later challenged, bringing the 
merits of the FT mechanism into question. The significance of this will be discussed 
further in Chapter 3. 
De Kock' proposed that vacancies form vacancy clusters, V clusters, within a 
cooling Si crystal. The potential influence of V clusters has been ignored by most 
investigators attempting to model diffusion in Si. An exception was a model by Yoshida 
and Saito9, who attempted to incorporate variable source/sinks into their model. 
Yoshida and Saito proposed that Si contained "fixed" and "variable" vacancy sources. 
Their analysis consisted of using two terms similar to equation 2-2 with different rate 
constants. The Yoshida-Saito model is properly a description of two types of 
source/sinks having different rate constants, rather than V sources that progressively 
disappear with time. Whatever the merits of the model, it seems to have been ignored 
by subsequent investigators. 
A paper by Lambert' provided a significant contribution to people's knowledge of 
Au diffusion in Si. Lambert examined his experimental data within the context of the 
Huntley-Willoughby' analysis. He reported that diffusion behavior was in accord with 5 
the Huntley-Willoughby math form, but found that the results were a function of the 
specific type of crystal used. For example, float zone Si was compared to "crucible 
grown" Si crystal, and data followed different curves, even though both specimens were 
dislocation free. This led Lambert to raise the issue that dislocations could not account 
for the vacancy source/sink behavior assumed in the Huntley-Willoughby model. 
A pivotal point in thinking about Au diffusion in Si came with the publication of 
a paper by Gosele et al." in 1980. That paper reviewed earlier work, accepted the 
earlier ideas that Au, diffuse rapidly and that solubility of Au, is much lower than Aug, 
but concluded that the FT mechanism could not properly account for experimental 
results. As reviewed in that paper, various investigators had found that during Au 
diffusion into Si, the Aug concentration profile, [Aus](x), exhibits a U-shape, with 
highest [Aug] on each surface and lowest [Aug] in the center of the diffusion specimen. 
Furthermore, Ref.11 observed that [Aug] at the center of diffusion specimens varies in 
proportion to the square root of time, expressed by 
(2-3)  [Aug ](d/2) = K t1/2 
where d is the sample thickness and K is a constant. According to Gi5sele et al.", it is 
the behavior expressed by equation 2-3 which could not be accurately described by 
models based upon the FT mechanism, equation 2-1. In particular, Gosele et al." 
observed that  the Huntley-Willoughby model was incorrectly  formulated,  not 
withstanding the fact that it produced solutions consistent with equation 2-3. Gosele et 
al." proposed a model based upon an alternate mechanism, where a diffusing Au, 6 
displaces a Si atom from its lattice site to produce a substitutional Au impurity and a 
diffusing Si self-interstitial, Si,. The mechanism is more succinctly expressed as 
(2-4)  Au, + Sis, a Au, + Si, 
Equation 2-4 is now well known as the kick-out mechanism, or KO. The solution to the 
new mathematical model developed by GOsele et al." fit experimental data reasonably 
well. 
The idea that Si, might be present in Si in some significant concentration as a native 
defect was first proposed by Seeger and Chik". With the publication of the Gosele 
paper, the belief that Si, is a native defect of great importance to diffusion processes has 
become widely accepted, and reference to  it appears in numerous science and 
engineering articles. 
The model based on the KO mechanism presented by Gosele et al." completely 
ignored any influence of vacancies in the crystal. (An expanded discussion of this 
shortcoming is presented in Chapter 3.) Various investigators"' subsequently published 
papers modeling Au diffusion in Si using both V and Si, defects. Zimmerman and 
Ryssel19 extended the effort to the modeling of Pt diffusion in Si, while Vincente et al.2° 
examined Pd diffusion modeling. The treatments of transition metal diffusion in 
references 19 and 20 ignore possible phase transformations suggested by the phase 
diagrams for the Pt-Si and Pd-Si systems'. 
In the course of diffusion studies, various investigators have set forth diffusivity 
parameters for Si, which they have determined from their data. Taylor et al.' reviewed 7 
published diffusivity values for the Si, defect. There is no consistency. Limited, but still 
informative reviews were incorporated into papers by Bronner and Plummer15 and by 
Wijaranakula23. A recent paper by Wijaranakula2 shows a significant disparity between 
a diffusion experiment and a computation using SUPREM III,  demonstrating 
shortcomings in diffusion modeling efforts. 
The pattern of inconsistency which is found in the literature suggests an underlying 
problem in the assumptions used to develop predictive diffusion models. An assumption 
common to contemporary models is that Si, plays a significant role in diffusion. Let us 
now consider the possibility that it does not. 
As previously mentioned, a feature absent from nearly all published analytical 
diffusion models is the V cluster. Theory on thermodynamics of point defects predicts 
that equilibrium concentrations of Vs will be maximum at the melting temperature of 
a crystal, and will decline with decreasing temperature'. During Si crystal growth, 
it may well be expected that Vs will not have sufficient time to diffuse from a boule as 
it cools from high temperature. If this is  so, then Vs in excess of equilibrium 
concentration may be expected to precipitate as clusters, based on surface energy 
arguments'. 
In support of arguments that V-clusters should be present, there is a body of 
experimental work demonstrating the existence of Vs and V-clusters in Si. According 
to G.D. Watkins', electron spin resonance has successfully identified Vs and 
divacancies in Si. Dannefaer27 used positron annihilation techniques to gain evidence 
for the presence of Vs. More recently, Dannefaer28 reported finding up to 6x10' cm' 
of Vs in electronic grade Si crystal. And, consistent with the notion that V clusters are 8 
present, Dannefaer reported that the concentration of Vs interior to a single crystal 
changed with heat treatment. Abe and Takeno29 have argued that Vs are the dominant 
native point defect at the melting temperature of Si, and Roksnoer and Van den Boom3° 
used results from Cu and Li decoration techniques to argue that type D defects in Si are 
the result of V clustering. Roksnoer and Van den Boom observed that type D defects 
in the near-surface region of a specimen were eliminated by heating the crystal, 
supporting the observation by Dannefaer et al. that [V] is altered by thermal treatment. 
("Type D defect" refers to a type of pattern sometimes observed in x-ray topography 
of Si after diffusing copper or lithium into the crystal at one temperature, followed by 
precipitation at a lower temperature.) Thus, a body of reports on experimental work 
point to the presence of Vs and V clusters in Si. No comparable evidence for Si, exists. 
Futhermore, Okada' used thermal expansion techniques of Simmons and Balluffi32 and 
argued that V must dominate over Si, at high temperature. 
It appears that the belief in the dominance of Si, over Vs in electronic grade Si 
stems primarily from inferences made from transition metal diffusion experiments. But 
in addition to diffusion experiments, a few other arguments have been presented as 
evidence for the presence of significant concentration of Si, defects. These arguments 
tend to invoke Si, defects to the exclusion of other possible explanations which use 
older, well-established principles. The arguments center on (1) the type A swirl defect, 
(2) extrinsic stacking faults about Si02 precipitates, and (3) oxidation induced stacking 
faults. 
A type of crystal defect, known as type A swirl defect, is identified by x-ray 
topography following copper or lithium decoration, as described above for the D defect. 9 
It was originally distinguished from other defects identified by x-ray topography on the 
basis of appearance in the image33. The type A swirl defect may be produced under 
certain conditions of Si crystal growth and is alleged to be a result of the presence of 
Si, defects. (See for example Hu34 and Fahey35.) Foil and Kolbesen36 were able to 
analyze type A defects using transmission electron microscopy, and found that the 
defect had extrinsic character, ie. the crystal was distorted outward about the defect. 
This observation has been used to argue that the type A defects are formed by 
coalescence of Si,. Alternatively, the formation of extrinsic type A defects in Si crystal 
may be described in terms of well-established principles from solidification theory. 
Since the model based on solidification has not been presented in the literature, it is 
presented in Chapter 4 of this work. 
Another observation which is presented as evidence for substantial concentrations 
of the Si, defect is the presence of extrinsic stacking faults about Si02 precipitates in 
Czochralski, or CZ, Si crystal. When CZ Si, which has high oxygen concentration, is 
suitably heat treated, oxygen precipitates from solution as Si02. Si02 occupies greater 
volume than the Si crystal from which it forms, resulting in dilation of the crystal. 
Advocates34-35 of Si, allege that dilation is accomodated by ejecting Si, into the 
surrounding crystal, giving rise to extra layers of atoms, or extrinsic stacking faults, 
about the precipitate. Alternately, Van Vechten et al.37 has pointed out that the extrinsic 
stacking faults are equally well explained by the ejection of Vs into the surrounding 
crystal. 
Yet another item of evidence used to justify invoking the Si defect is the formation 
of oxidation induced stacking faults, OSF35'38. The rationale is that an oxidizing Si 10 
surface results in Sits being injected into the crystal from the oxide/crystal interface. 
These Sits then coalesce to form extrinsic stacking faults. Hirth and Tiller" demostrated 
that OSF could be explained in terms of well-established dislocation theory. Though 
Hirth and Tiller acknowledged the Si, defect in their paper, the mechanism they present 
is not dependent upon Si, defects. Exponents of the Si, defect seem to ignore the Hirth-
Tiller paper. 
OSF do not always form when Si is oxidized. Advocates of Si, do not seem to be 
concerned with this discrepancy. As an example, Tan and Gosele allege that oxidation 
of a Si crystal surface injects  irrespective of OSF formation. The Si, are supposed 
to form as a result of volume expansion, just as was the case for precipitates within the 
crystal''". The Tan-Gosele argument is not developed in any detail. Van Vechten et 
a1.37 set forth a counter argument, pointing out that oxidation of a Si crystal surface 
introduces a dilation which would not be conducive to generating Si,. 
Van Vechten et al.37 presented a variety of arguments favoring the use of V rather 
than Si, defects for interpreting diffusion and other defect related phenomena in Si. As 
a continuation of that effort, the following chapters attempt to weaken existing 
arguments and beliefs favoring the dominant role of the Si, defect over the V. 11 
Chapter 3.
 
Re-examination of Gosele Analysis of Au Diffusion in Si
 
As mentioned in Chapter 2, a paper by Gosele et al." induced many investigators 
to believe that the self interstitial defect is an important native defect influencing 
diffusion in Si. That paper may well have been the most influential of all papers 
discussing diffusion in Si which were published in the last fifteen years. Gosele et al." 
examined solutions to equations for Au diffusion in Si which were formulated under a 
number of different assumptions. They concluded that the KO mechanism (equation 2-4) 
could account for experimental observations, while the FT mechanism (equation 2-1) 
could not. Since that work claimed to be a proof that KO dominates over FT during Au 
diffusion in Si, their paper became a primary basis for widespread acceptance that Si, 
defect concentrations dominate over Vs. (A similar analysis was later presented by 
Bronner and Plummer15.) 
Since Si, and V may annihilate via 
(3-1)  Si, + V 0 Sis, 
the conclusion that Sits dominate over Vs contradicts other observations, as reviewed 
in Chapter 2, that there are substantial concentrations of Vs in Si single crystals. It is 
therefore appropriate to reconsider the merits of the analysis by Gosele et al. This 
discussion will be limited to the analysis of the Frank-Turnbull mechanism for the case 
of Au diffusion in the presence of V source/sinks. The objective is to cast doubt on the 12 
conclusion that the FT mechanism must produce a variation in [Au](d/2, t) which is 
proportional to t, as alleged by Gosele et al., and may not produce a variation that is 
proportional to t112, as expressed by equation 2-3. 
One case considered was an "Intermediate Density of Vacancy Sources". These 
sources, actually source/sinks, were then assumed to have the characteristic of 
generating or annihilating Vs at a rate proportional to deviation of V concentration, [V], 
from equilibrium, ie. 
(3-2)  d[V]/dt = A( 1  ([V]/[V]el) ) 
where [V]ect represents the equilibrium [V] for the particular diffusion temperature and 
A is a constant. [Bronner and Plummer° used the equivalent form A([V]  [V]eq)] 
Equation 3-2 is an assumption which represents source/sink behavior having a constant 
V emission rate, with no energy barrier to a V returning to the source/sink; the rate 
that Vs return to the source/sink is proportional to their concentration. Using this 
assumption, Gosele et al. demonstrated that [Au,] at the center of a diffusion specimen 
would follow the form 
(3-3)  [Aus](d/2, t) = A[ 1  B exp(-Ct) ] 
where A, B, C are constants based on various parameters invoked in the model. They 
argued that the solution expressed in equation 3-3 would behave approximately as 13 
(3-4)  [Au, ](d/2, t) = Kt 
over some "...regime of intermediate diffusion times...". (In equation 3-4, K is a 
constant.) Since experimental work showed a t"2 variation (equation 2-3) instead of the 
linear behavior expressed in equation 3-4, they concluded that the FT mechanism could 
not be operative. On the other hand their solution using the KO mechanism did give the 
desired t1/2 dependency. 
At this point, a reader might observe that the Huntley-Willoughby model', which 
was based on the FT mechanism, did produce a variation of [Au8](d/2) that was 
proportional to t112, in agreement with experiment, whereas &Ise le et al. concluded that 
FT could not produce such a result. And then a reader might wonder why the two 
derivations based upon the same mechanism are in conflict. If we compare equation 3-2 
with that used by Huntley-Willoughby', equation 2-2, we find that the two models 
assume a different behavior for V source/sinks. Gosele et al. presented arguments that 
the Huntley-Willoughby model was improperly formulated, thereby discrediting the FT 
mechanism. 
In Chapter 2, reference was made to a number of articles in the literature 
supporting the idea that clusters of Vs are present in electronic grade Si. The presence 
of V clusters is a reasonable idea to entertain, because as Si crystal cools, Vs retained 
from high temperature crystal growth will be present in excess of equilibrium 
concentration at lower temperatures. The excess Vs would then tend to cluster, in 
analogy to the precipitation of a super-saturated impurity. (This idea is discussed to a 14 
greater extent in Chapters 5 and 6.) The random diffusion of Vs during clustering may 
be expected to produce some distribution in the sizes of V clusters. Some clusters may 
be large, while some may be only divacancies and trivacancies. This is important to 
consider, because clusters of Vs may serve as V source/sinks; GOsele et al. only 
considered dislocations as possible source/sinks. 
Returning to the discussion of the FT mechanism, we can see that as Vs are 
occupied by Au atoms, as expressed by equation 2-1, small V clusters may disappear, 
while larger V clusters continue to emit Vs; the number of V source/sinks decreases 
with time!  It  is unreasonable to believe that equation 3-2 would hold as the 
concentration of vacancy sources declines. Thus, the solution derived for FT is likely 
wrong, and therefore the claim by Gosele et al.11 that the FT mechanism cannot account 
for observed Au diffusion behavior remains unproven. 
There are other physical principles to consider in analyzing V emission from V 
clusters. As a simple example, let us compare a 6 V cluster with a 7 V cluster, as 
illustrated in Figure 3.1. The ball-and-stick illustrations of Figure 3.1 depart from 
convention in that interatomic bonds are not shown. Instead, Vs are connected by 
cylinders to depict the absence of bonds. Sticks delineating edges of the conventional 
unit cell for the diamond cubic lattice are included for reference. 
The cylinders serve as a convenient accounting tool. When a V moves, the change 
in the number of cylinders interconnecting Vs is equivalent to the change in the number 
of complete bonds  ie. breaking a cylinder is equivalent to breaking a covalent bond 
in the Si crystal. 15 
InsRIM a)  ,iiit 
, \ 
OMiiimms.' OM " Iiiblawmall* faiis \ ,Aumws,  illl Lunn, itomili Itowil.:K ...... 
iirnis,  41i* 
111111
1.41 Pill  /1__.%\ 10,11,"
mama%  \ /sawmill 1/1 it\  ituunif  7.1 imeal Ilimmllt MHO Au...,  4111.  Ismael mut
 'WI  um/
 \  Igawa,
 
41111  i:1\ 11111111. 
iaasi.\  UMW  /Meat% 
//saisat%  \111/0Am,  HIM111 
Miami%  IIIIIIVA ilisms."1111,t"  Disown'  \'11fr 41tImp  oN /num 1....p
laimld  --,? \I111301 
sslr,' 
b) 
111W /assii.
isiass%% 
VIEW! Oslitas0 iafissIS 
Atm sr
!!. 
Figure 3.1  Specific examples of vacancy clustering in a diamond cubic crystal. 
(a) 6 vacancies arranged in a ring; (b) 7 vacancies. 16 
In Figure 3.1, the 7 V cluster may be described as a 6 V ring with one V 
protruding from the ring. Observe that removing the protruding V from the ring 
requires a net loss of one covalent crystal bond. By inspection, the reader should realize 
that removing one V from the 6 V cluster requires a net loss of 2 covalent crystal 
bonds. In other words, for this particular case of a 7 V cluster, the emission of a 
second V requires more energy than was required for emission of the first V. From this 
simple geometrical illustration, it becomes evident that V clusters will not, in general, 
emit Vs at a constant rate as assumed in the analysis by Gosele et al. (expressed in 
equation 3-2) and therefore equation 3-1 would not be valid. 
Of course, a detailed analysis must describe the ensemble behavior of the entire 
spectrum of V cluster sizes and geometrical configurations. Such an analysis is beyond 
the scope of this work. The issue here is that V emission rate is probably not constant 
in time, and therefore equation 3-2 is suspect. It therefore remains to be shown that a 
Frank-Turnbull mechanism may not produce a [Au](d/2, t) as expressed by equation 2­
3. Indeed, it remains to be shown that [Au](d/2, t) truly follows the el' behavior. Data 
indicating that it may not is presented in Chapter 6. 17 
Chapter 4.
 
Origin of Type A Swirl Defects in Silicon
 
Type A swirl defects, or "A" defects, in Si crystal were found to be extrinsic in 
character by Foll and Kolbesen36 using electron microscopy, i.e. "A" defects were 
observed to be a local dilation of the crystal. Petroff and de Kock' found "A" defects 
to be both intrinsic and extrinsic. The extrinsic character of "A" defects is taken to be 
the result of a coalescence of Si, defects in current literature'. Chikawa and Sato' 
proposed a possible explanation which invokes Si, along with a number of complicated 
processes. Matthews and Van Vechten43 offered several possible explanations for the 
formation of the extrinsic dislocation loops, which do not invoke the Si defect. The 
following explanation, based on envelopment of impurity-rich drops of liquid within 
solid during crystal growth, provides as good an account of the origin of extrinsic "A" 
defects as the others, without invoking speculative principles or Si, defects. 
To begin, readers are reminded of the well known Effective Partition Ratio", which 
is also known as the Effective Distribution Coefficient''", commonly represented by 
k. k is defined as the ratio of impurity concentration in the solid divided by impurity 
concentration in the liquid at the solid/liquid interface. k may be expressed as a function 
of growth rate, R, according to the relation44'45'46 
(4-1)  k = ko [ko + ( 1-1c, ) exp(- RS/D1) 18 
where ko is the Equilibrium Partition Ratio, 5 represents the thickness of the diffusion 
layer next to the solid/liquid interface and DI is the diffusion coefficient for the impurity 
in the liquid. For most impurities in Si, ko is less than one, and there is an accumulation 
of impurity near the  solid/liquid  interface resulting from impurity not being 
incorporated into the solid. The phenomenon is illustrated in sketch a) of Figure 4.1. 
Most impurities in Si lower the liquidus temperature; solid forms at a lower 
temperature when impurity  concentration  is  higher.  During  crystal  growth, 
inhomogeneous stirring can sweep impurity concentrations from the solid/liquid 
interface in some areas, while leaving relatively high impurity concentrations in other 
areas. The variation in liquidus temperatures as a function of position causes a non-
planar solid/liquid interface to form, as the areas low in impurity solidify ahead of the 
areas with higher impurity concentration. This condition is illustrated in sketch b) of 
Figure 4.1. As solidification proceeds, regions of higher impurity may become trapped 
as pockets of liquid surrounded by solid. This condition is illustrated in sketch c) of 
Figure 4.1, where the pocket of liquid is about to be completely enveloped in solid. 
Eventually these pockets of liquid will solidify when the surrounding crystal cools 
sufficiently. 
At this point, it is important to recognize that liquid Si has approximately 10% 
higher density than solid crystalline Si at the melting temperature'; an enveloped region 
of liquid has more atoms than can be accomodated by an equal volume of solid crystal. 
Therefore when a pocket of liquid does solidify, it must dilate the surrounding material 
in order to expand to lower crystalline density; 19 
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Figure 4.1 Trapping of liquid by concentration fluctuations. a) impurity accumulation 
near solid/liquid interface; b) interface irregularities due to inhomogeneous stirring; c) 
formation of pocket of liquid as solid/liquid interface continues to advance into liquid 
with lower impurity concentration. 20 
one or more extra planes of atoms must form locally in the crystal to accommmodated 
the extra atoms associated with the enveloped liquid. This is an extrinsic stacking fault, 
or a dislocation loop. 
Now consider how reported experimental results concerning the circumstances of 
extrinsic "A" defect formation are in accord with expectations of this model based on 
solidification theory. "A" defects are reported to form only within a range of growth 
rates; they do not form at very low or at high growth rates",". Refering back to 
equation 4-1, we see that as R gets large, k = > 1 and there is no segregation to 
produce pockets of liquid, from which "A" defects can form. (Of course, it is an 
assumption here that (5 does not vary rapidly as a function of R.) For the case where 
R becomes sufficiently small, diffusivity of impurity in the liquid alone can prevent 
accumulation of higher impurity concentrations along the solid/liquid interface. Thus, 
we should not expect "A" defects to form at sufficiently high or low growth rates, in 
accord with the reported results. 
Once solid crystal has completly encapsulated a region of liquid, as described 
above, no further solidification of the liquid may occur without dilating the crystal, due 
to the lower density of the solid. This is equivalent to saying that the crystal exerts 
hydrostatic compression on the liquid droplet. Through the well known Clapeyron 
equation'', we then may anticipate that the solidification temperature of the liquid may 
be depressed well below the normal melting point of silicon, i.e. dislocation loops ("A" 
defects) may be expected to form only after substantial undercooling. Using the same 
reasoning, after solidification the stress associated with a dislocation loop will cause the 
compressed region to melt at lower temperature than the surrounding crystal on 21 
warming. This pressure effect is in addition to the lowered liquidus due to the locally 
increased concentration of impurity retained from the original crystal growth. Consistent 
with the preceding comments, de Kock et al.' reported that "A" defects do not form 
until newly grown crystal cools to approximately 1050C, an undercooling of 360C. 
Petroff and de Kock" found, by transmission electron microscopy, that "A" defects 
were decorated by precipitates originating from the growth process. (The precipitates 
were not produced by Cu or Li decoration techniques frequently used in other 
experiments.) This observation supports the solidification model for forming extrinsic 
"A" defects, since there would be an enrichment of impurity in the vicinity of the 
dislocation loop, and impurity atoms would therefore have a short diffusion distance to 
reach the dislocation core. 
There  is  some further experimental evidence supporting the  solidification 
mechanism for "A" defect formation. Chikawa and Shirai" reported observing pockets 
of liquid forming inside Si crystal near its melting temperature using x-ray techniques. 
The observations are consistent with the idea that inhomogeneous segregation during 
crystal growth results in small regions within a crystal that have a lower liquidus 
temperature than the surrounding crystal. (Those authors failed to recognize the basic 
solidification principles just described, and ascribed the cause of isolated melting to 
manifestations of Si,.) 
Thus, basic solidification theory leads to the expectation that "A" defects, or non-
uniformly distributed extrinsic stacking faults, should be expected under certain 
conditions of Si crystal growth. Though people may argue that Si, may contribute to 22 
formation of "A" defects,  Si, are not an essential ingredient.  It  is therefore not 
reasonable to represent the type A swirl defect as evidence for the existence of Si, 
crystal defects. 23 
Chapter 5. 
Pre-annealing Effects on Carrier Concentration Profile After
 
Gold Diffusion in Silicon
 
Introduction 
As previously discussed in Chapters 2 and 3, when Au diffuses into Si it usually 
develops a U-shaped concentration profile, with concentration in the center of the 
specimen varying as the square root of time. Those observations have been interpreted 
as evidence that Au diffusion is governed by a "kick-out" mechanism" in which the 
incorporation of Au atoms onto lattice sites is mediated by Si self interstitials, Si,. This 
has led to a wide-spread belief that Si, is a dominant native defect influencing diffusion 
processes in Si crystals. But as previously discussed in Chapter 2, there is reason to 
believe that Si crystal may hold clusters of vacancies. 
Clusters of vacancies trapped in a crystal might be altered with thermal processing 
in analogy to the manipulation of a second phase, as is commonly performed during the 
heat treatment of metal and ceramic materials. Altering vacancy clusters should alter 
the diffusion behavior of those impurities which interact with vacancies as part of the 
diffusion process'. An experiment was designed to test this idea. 
Experimental Procedure 
The starting material was a Wacker Siltronic 4 inch diameter wafer of (100) 
oriented float zoned Si, doped with boron to a resistivity of 40 0-cm. The wafer was 24 
approximately 500 tan thick, with both sides polished. The wafer was cleaved into two 
segments of nearly equal size. One segment was annealed for 36.7 hr. at 1000C, the 
other for 45.7 hr. at 1040C. Annealing was performed in a tube furnace using an air 
atmosphere. The Si wafer segments were supported on a curved silica boat during the 
anneals so that only their edges contacted anything but air. The wafer segments were 
pulled from the furnace at the end of the annealing period so that they cooled by 
radiating to room ambient. Convenient annealing times were selected to be long relative 
to times thought to be needed for vacancy clusters to equilibrate with their local crystal 
environment. The two anneals are distinguished only by temperature throughout the rest 
of this text as a matter of convenience. (These anneals prior to Au deposition are also 
called pre-anneals to distinguish them unambiguously from the Au diffusion heat 
treatments.) 
After the anneals, both segments of the Si wafer were stripped of surface oxide 
with HF vapor. Each segment was then rinsed in deionized water, and positioned in a 
vacuum evaporator for Au deposition. Wafers were held in the evaporator using 
alligator clips to hold each Si wafer segment by a corner. The corner so contacted was 
later cleaved away to reduce possibility of contamination. The wafer segments were 
positioned side by side, symmetrically above a W evaporation boat so that they would 
receive equivalent deposits of Au during the evaporation process. Au was evaporated 
at a maximum chamber pressure of 5x10-5T. I calculate the Au deposit to be 3.7x10' 
atoms/cm'. 25 
After Au deposition, the wafer segments were cleaved into strips of nominal 8mm 
width. The strips were then cleaved into smaller chips as needed to make diffusion 
specimens. 
Au diffusion was performed by placing a specimen from each anneal cycle on a 
curved silica support for minimal contact. The pair of specimens were stacked one upon 
the other, and oriented such that the Au-deposited side of one specimen was in contact 
with the Au-deposited side of the other specimen. The specimens were then pushed into 
a tube furnace at 960C (air atmosphere) and pulled from the furnace after a desired 
diffusion time had elapsed. Diffusion times of 15, 34, 60, and 120 minutes were used. 
After Au diffusion, no less than 2 mm of material was cleaved from each edge of each 
specimen in order to reduce the likelyhood that diffusion from edges would influence 
analyses. 
Specimens were sent to Solid State Measurements, Inc. for spreading resistance 
profile, SRP, measurements in order to obtain carrier concentration profiles. Samples 
of the annealed and unannealed Si, which had not been subjected to Au diffusion, were 
analyzed by SRP as well. SRP measurements were begun at the surface which did not 
receive a Au deposit. (Changes in carrier concentration after Au diffusion is  an 
indicator of  substitutional Au concentration. For an expanded discussion, see 
Appendix B .) 26 
Results 
The specimens subjected to the 1000C anneal have carrier concentration profiles, 
p(x) after Au diffusion as exemplified in Figure  5.1. In surprising contrast to Figure 
5.1, specimens subjected to the 1040C  anneal all exhibit subsurface humps in theirp(x), 
as exemplified in Figure  5.2. Asymmetry in the p(x) for the 60 minute diffusion 
specimen displayed in Figure 5.2 is greater than that of the  15 and 34 minute diffusion 
specimens. The degree of asymmetry for each specimen may be determined from 
Figure 5.3. The subsurface humps were not found in pre-annealed material which was 
not subjected to a Au diffusion cycle, and therefore the humps are a manifestation of 
the Au diffusion process. 
The behavior of the specimens subjected to the  1040C anneal was examined in 
more detail by plotting the time dependent behavior of the maximum p of the 
subsurface humps, as well as p at the centers of the specimens. The p were plotted 
versus t"2,  because Au concentration, [Aug], has previously been reported to vary as 
the square root of time as discussed in Chapter  3.  Carrier concentration should 
therefore vary as the square root of time also, until the Fermi level rises close to the 
Au ionization level, since Au behaves as a donor and compensates shallow acceptors. 
A graph of p versus t112 for these specimens is presented in Figure  5.3. Smooth curves 
have been superimposed to help illustrate the trends that the data are demonstrating. 27 
Average p for the piece of Si from the 1040C anneal which had not been subjected 
to Au diffusion is displayed as a horizontal line in Figure 5.3 and identified  as pn,ax. 
(ie., no attempt is made to represent the scatter range of the SRP measurement. This 
does not bear on conclusions.) 
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Figure 5.1 Carrier concentration versus depth after Au diffusion for one hour in crystal 
subjected to the 1000C pre-anneal. Measurements begin on back surface and progress 
toward the Au-deposited surface. 28 
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Figure 5.2  Carrier concentration profile after Au diffusion for one hour in crystal 
subjected to the 1040C pre-anneal. Note the subsurface humps, which distinctively 
characterize all four Au diffusion specimens from this piece of annealed crystal. 29 
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Figure 5.3 Carrier concentration versus t112 for Au-diffused specimens which received 
the high temperature (1040C) pre-anneal. The horizontal line at per= 2.17x10" cm-3 
defines the carrier concentration prior to Au diffusion. a) Subsurface peak near Au-
deposited side of specimens. b) Subsurface peak near back surfaces. c) Center of 
specimens.  Note that the subsurface humps (curves a) & b) ) are characterized by 
delayed decrease in carrier concentration relative to the center (curve c)  ). This 
corresponds to delayed Aus accumulation. Curves a) and b) show that the 60 and 120 
minute diffusion specimens exhibited greater asymmetry than the 15 and 34 minute 
specimens. 30 
Discussion 
As represented in Figures 5.1 and 5.2, the diffusion profiles of all specimens 
exhibited low p at both surfaces relative to the centers of the specimens, corresponding 
to elevated Au concentration. Also, the profiles are nearly symmetrical. This is 
consistent with the U-shaped Au concentration profiles  reported by previous 
investigators. (See Chapter 2.) The reader may be surprised that nearly symmetrical 
profiles result when the diffusing specie (Au) is initially on only one side. The 
following explanation may help make sense of these results. 
This diffusion experiment involved heating  test specimens in air after depositing 
Au on one side of the test material. On heating, surfaces which did not receive the Au 
were then oxidized to form a layer of SiO2. The Au-deposited surfaces would have 
formed a Au-Si liquid solution once specimens warmed above the eutectic temperature 
of approximately 360C. Si in the liquid would then be able to react with oxygen in the 
air to form SiO2 at the air-liquid interface. I assume that this would quickly form a 
continuous layer of SiO2 covering the liquid, so that both surfaces of a diffusion 
specimen would be covered with SiO2 soon after a diffusion cycle was initiated. I also 
assume that these SiO2 layers serve to inhibit evaporation of Au at high temperature, 
so that diffusing Au cannot readily evaporate from the specimen once it reaches the far 
surface. (Even though specimens were paired with Au-deposited surfaces in contact, 
they came apart readily after cooling, so that the contacting surfaces must not have 
mated so well as to form a continuous air-excluding interface during the diffusion 
cycle.) 31 
Now consider that a system's progression toward equilibrium is dependent upon the 
rate at which different reactions occur. If Au is transported through a crystal rapidly 
as diffusing Au the two surfaces may approach equilibrium with each other long 
before the entire crystal equilibrates. (In Chapter 6 a sample calculation is presented 
which demonstrates that Au, does, indeed, diffuse through the crystal rapidly compared 
with the experiment's total diffusion times.) If each surface is able to generate Vs at a 
comparable rate so that Au, may become Aug via the Frank-Turnbull mechanism, 
equation (2-1), then the [Aug](x) profile may be expected to appear symmetrical. 
Indeed, we may speculate that droplets of Au-Si liquid may occasionally nucleate at the 
Si-Si02 interface on the far surface diffusion specimen, though non were observed in 
these experiments. 
Issues of defect reactions and reaction kinetics at boundaries are complex, and a 
detailed analysis is beyond the scope of this work. In this set of diffusion experiments, 
specimens of different annealing histories were paired for Au diffusion so that commom 
boundary conditions could be assured during Au diffusion between the samples annealed 
at 1000C and 1040C. Thus, observed differences between the two sets of specimens is 
an indication of the effects of the anneals, irrespective of actual surface boundary 
reactions occuring during Au diffusion. Data taken at the specimen surfaces are not 
used for analysis. 
The Results section reported unusual carrier concentration profiles after Au 
diffusion. The unusual features of the data consist of elevated subsurface hole 
concentration, called subsurface humps, illustrated in Figure 5.2. (The elevated hole 
concentration corresponds to reduced Au concentration.) Further examination of these 32 
features provides a basis for drawing inferences about defect behavior in the crystal. 
Refering back to Figure 5.3, observe that the time-dependent trends for the subsurface 
humps are very similar for both surfaces, and they are quite distinct from the carrier 
concentration trend at the center of the diffusion specimens. Extrapolating the data back 
in time to the original carrier concentration, the "start" time for declining carrier 
concentration at a specimen center is found to be 1.2 min., while the "start" time for 
declining carrier concentration in the humps is 6.8 min. These data indicate that there 
was a marked delay before a detectable [Aug] began accumulating in the crystal. A 
delay is reasonable, since there must be some time during which [Atli] increases to a 
significant level. However, it is noteworthy that the delay for the subsurface humps is 
longer than the delay for the crystal center. 
Skeptics could dismiss the presence of the humps in Figure 5.2 as being the result 
of contamination. Therefore, the reader is reminded that (i) all specimens originated 
from the same Si wafer, (ii) the gold on all specimens was obtained from the same 
evaporation cycle, (iii) every specimen was paired with a specimen from the other 
anneal during Au diffusion so that the time, temperature, and atmosphere associated 
with the diffusion of each pair was identical and (iv) the humps were not found in 
annealed material prior to Au diffusion. But the specimens from the 1040C anneal 
consistently exhibit a carrier distribution that is distinct from the specimens which were 
subjected to the 1000C anneal, after Au diffusion. I am compelled to conclude that the 
diffusion behavior of Au in this experiment was a function of the crystal's anneal prior 
to Au deposition. 33 
Consideration was given to the possibility that humps of Figure 5.2 may result from 
diffusion of oxygen into Si during the anneals. The crystal surface is assumed to 
maintain a saturation concentration of oxygen, designated Cs during the annealing prior 
to Au deposition. Additionally, it was assumed that influence of oxygen upon Au 
diffusion will be negligible when oxygen concentration drops to 10'4 cm-3, i.e. when its 
concentration dips below the concentration of carriers being perturbed. Using published 
parameters", and the relation59° 
(5-1)  N = No erfc [ x /(2(D01/2)] 
for constant-source diffusion from a plane surface, the values displayed in Table 5.1 
were calculated. Table 5.1 indicates a maximum depth of 88 gm, while Figure 5.2 
shows that the hump in the carrier concentration profile reaches to a depth of 120  140 
gm, which is substantially deeper. Also, the values for 1000C are sufficiently close to 
those of 1040C that oxygen influence from the 1000C anneal should be detectable, too. 
But Figure 5.1 shows no evidence of the pattern exhibited in Figure 5.2. Remember 
that Figure 5.1 is typical of results from 4 specimens (4 Au diffusion times) and Figure 
5.2 is typical of results from another 4 specimens. It is not the case that Figure 5.1 or 
Figure 5.2 is an anomoly that might be interpreted as an isolated aberration of the SRP 
measurement. As an additional point, the reader is reminded that oxygen does not form 
a shallow acceptor level, yet the humps of Figure 5.2 are characterized by increased 
hole concentration. 34 
Table 5.1 
Depth where Oxygen Concentration Decreases 
to 1014 cm-3 After Each Pre-anneal 
(Calculated) 
Temp.  Cs  D  Depth at C =10'4 cm-3 
(°C)  (cm-3)  (cm2/s)  (gm) 
1000  7.46x1016  1.35x10-1'  68 
1040  1.11x10"  2.75x10-11  88 
I propose that the subsurface humps in Figure 5.2 are the result of out-diffusion of 
vacancies during the  1040C anneal. If we assume that the original crystal contains 
clusters of vacancies in excess of equilibrium concentration, as proposed in reference 
30, then at sufficiently high temperature those clusters in the near-surface region may 
"dissolve", as vacancies diffuse to the crystal surface. Dissolution of V clusters near 
a surface during annealing is consistent with Ostwald ripening theory, as formalized by 
Lifschitz and Slyozov61. (Consistent with this proposal, Roksnoer and Van den Boom3° 
reported that the "D" defects they observed disappeared in the near-surface regions of 
their samples when subjected to high temperature excursions.) Dissolution of vacancy 
clusters would depend on the way equilibrium vacancy concentration varies with 
temperature, as well as diffusivity of vacancies. Higher equilibrium concentrations 
would increase the total number of vacancies which could be transported by diffusion. 35 
This is a possible explanation for the difference between the 1040C and the 1000C 
anneals. 
If we assume that Au diffusion is mediated by vacancies (ie. a Frank-Turnbull 
mechanism'''), then once excess vacancies have been substantially eliminated from 
some region of a Si crystal, Au, accumulation in that region will be controlled by the 
diffusion of vacancies into that region. With these assumptions, I conclude that the 
near-surface regions in Figure 5.2 are dependent upon diffusion of Vs into those regions 
for Au, accumulation, while the central region of the crystal already has a grown-in 
supply of vacancies which may interact with diffusing Au interstitials. Thus, carrier 
concentration is affected by interstitially diffusing Au in the central region of the crystal 
sooner than in near-surface regions. The preceding reasoning may then be applied to 
all specimens from the 1040C pre-anneal, accounting for the time delays evident in 
Figure 5.3. 
Hauber et al.' also reported anomolies in carrier concentration profiles after Au 
diffusion. Though this work may appear similar, it is different, both in procedure and 
in results. This experiment explored effects associated with heat treatments preceding 
Au deposition, which was not reported in reference 63. And in reference 63 anomolies 
in carrier concentration profiles consisted of regions of lower carrier concentration. The 
humps shown in Figure 5.2 have anomolously higher p, not lower. 
Hauber et al. argue rather effectively that the stacking faults they found, which 
correlate to anomolous [At's] distribution, were formed as a direct result of the presence 
of Au. This was interpreted to be the result of clustering of Si,. Clustering of Si, is not 
the only possible explanation for the stacking faults. Phase equilibria of multi­36 
component systems involving Si are not well studied. Increasing [Au] in the presence 
of other impurities may induce formation of precipitates. If this is so, vacancy clusters 
in the crystal may serve as sites for heterogeneous nucleation of those precipitates. 
Thus, even if stacking faults similar to those reported by Hauber et al. have formed in 
this experiment's test specimens, it is still reasonable to interpret results in  terms of 
vacancies. 
Zimmerman and Ryssel19 analyzed the near-surface concentration profiles for their 
Pt diffusion experiments and concluded that Pt diffusion behavior was controlled by Vs 
retained in the crystal from high growth temperature, though no consideration was 
given to clustering of vacancies. They did not draw this conclusion for results of their 
Au diffusion experiments. This experiment is therefore not a mere confirmation of the 
fmdings of Zimmerman and Ryssel. As mentioned in Chapter 2, their analysis did  not 
take into account the effects of solid state phase transformations as suggested by the Pt-
Si phase diagram. Whether the Si crystal is bounded by  a liquid Pt-Si solution or a 
solid, such as Pt2Si, is important in describing the boundary's influence upon diffusion 
kinetics. Such a description is absent from the Zimmerman-Ryssel model and therefore 
their conclusions are unreliable. The Au-Si system has no complicating intermediate 
solid phases so that this experiment eliminates complications associated with solid phase 
transformations. 37 
Conclusion 
Heating electronic grade Si crystal within a suitable temperature range prior to Au 
deposition produces effects on Au diffusion which have not been predicted by existing 
diffusion models. Results of this experiment are consistent with a qualitative mechanism 
that I propose for diffusion of Au in Si wherein the accumulation of substitutional Au 
is mediated by clusters of vacancies retained in the crystal from the crystal's high 
temperature growth process. 38 
Chapter 6.
 
Evidence for Ostwald Ripening of Vacancy Clusters in Silicon Crystal
 
Introduction 
As mentioned in Chapter 2, a number of investigators have"' reported evidence 
that Si crystals contain clusters of vacancies. These clusters, presumably, would be 
composed of vacancies which were not able to diffuse out of the crystal after cooling 
below the crystal growth temperature. If such clusters do exist, then they should 
undergo Ostwald ripening, as formally described by Lifshitz and Slyozoe and by 
Wagner. (Ostwald ripening refers to the processes whereby larger clusters grow at the 
expense of smaller clusters.) Papers by Roksnoer and Van den Boom' and by 
Dannefaer et al.' report that vacancy concentration, [V], was altered by thermal 
processing. Though this is not the same as Ostwald ripening, it does provide some 
experimental support to the idea that clusters of vacancies may be altered with thermal 
treatments. Changes in the number of vacancy clusters (as would occur during Ostwald 
ripening) should result in altered Au diffusion behavior. 
The experiment discussed in Chapter 5 provided some evidence for influence of Vs 
on Au diffusion in Si. The results seemed consistent with effects which might be 
expected for Ostwald ripening of V clusters. Another experiment was designed to 
demonstrate the influence of Ostwald ripening upon Au diffusion in Si. (For a summary 
on Ostwald ripening, see ref. 65) 39 
Experimental Procedure 
The starting material was a Wacker Siltronic 4 in. diameter wafer of (100) oriented 
float zoned Si, doped with boron to a resistivity of 40 it -cm. The wafer was 
approximately 500 gm thick, with both sides polished. Slightly more than 1/2 of the 
wafer was used in this experiment and the segment of Si wafer selected for this 
experiment was cleaved into two smaller segments of nearly equal size. One of those 
pieces was set aside, while the other was annealed for 21 days at 960C. 
Annealing was performed in a tube furnace using an air atmosphere. The annealed 
Si wafer segment was supported on a curved silica boat during the anneal so that only 
its edges contacted anything but air. The annealed sample was pulled from the furnace 
at the end of the annealing period so that it cooled by radiating to room ambient. 
After the anneal, both Si wafer segments were placed into a large plastic beaker so 
they rested with only their edges touching the beaker bottom and wall. A few drops of 
HF were placed in the bottom of the beaker, and it was covered to allow HF vapors to 
dissolve surface oxide. The Si wafer sections were left until the color of the oxide layer 
on the annealed section was gone. Each section was then rinsed in deionized water, and 
fixtured in a vacuum evaporator. 
Positioning in the evaporator was accomplished using alligator clips mounted on 
adjustable arms connected to a small metal stand, to hold each Si wafer section by a 
corner. The corner so contacted was later cleaved away and never used for diffusion 
experiments. The annealed and unannealed sections were fixtured side by side and 
symmetrically above a W evaporation boat so that they would receive equivalent 40 
deposits of Au during the evaporation process. Au  was evaporated at a chamber 
pressure which varied from 2x10-5 Ton at the start to 8x10' Torr at the end of the 
evaporation. The Au deposit was calculated to be 3x1018 atoms/cm2. After Au 
deposition, the wafer sections were cleaved into strips of nominal 8mm width. The 
strips were then cleaved into smaller chips as needed to make diffusion specimens. 
Au diffusion was performed by placing a pair of specimens  one annealed and one 
unannealed  on a curved silica  support. The specimens were stacked one upon the 
other, and oriented such that the Au-deposited side of one specimen was in contact with 
the Au-deposited side of the other specimen. Curvature of the support assured that only 
a few points around the edges of the bottom specimen contacted the support surface. 
The fixtured specimens were pushed into a tube furnace at 960C (air atmosphere) and 
pulled from the furnace after the desired diffusion time had elapsed. Diffusion times of 
5, 30, 60, 180 and 240 minutes were used. 
After diffusion, no less than 1mm of material was cleaved from each edge of each 
specimen. This was done in order to reduce the likelyhood that the specimen analysis 
could be affected by diffusion from the edges of the specimens. After edge removal, 
the Au-diffused specimens were stored in glass vials, and sent to SEH America, Inc. 
for spreading resistance profile, SRP, measurements. Au concentration at the center of 
each diffusion specimen was calculated from the average of 11 data points at the center 
of the SRP profile. Samples of the annealed and unannealed Si which had not been 
subjected to Au diffusion were analyzed by SRP as well, in order to obtain original 
carrier concentrations for use in computing substitutional Au concentration, [Aug]. 41 
When computing [Aus] from carrier concentrations, I used a Au ionization enthalpy 
of 0.35 eV and an entropy factor of 20, after the work of  Kassing et a1.66 Also, I used 
1.83x1019 cm-3 as the effective density  of states  of the valence band, after Barber'. 
Details  of the calculation are presented in Appendix B. 
Results 
The annealed and unannealed samples which were not subjected to Au diffusion 
produced SRP profiles exhibiting uniform resistivity throughout. The computed carrier 
concentration for the unannealed sample was 3.27x1014 cm', while the carrier 
concentration in the annealed sample was 2.86x1014 cm'. I believe this difference is 
real, and the two carrier concentrations were used in computing [Aus] after Au diffusion 
in the respective diffusion specimens. This is discussed to greater extent below. 
Representative [Aus] (x) profiles are presented in Figures  6.1  6.3. Au concentration 
at the centers of the samples is displayed as a function of  t112 in Figure  6.4. In order to 
illustrate the trends of the data in Figure 6.4 more effectively, the values of [Aug] for 
the unannealed samples were subtracted from the values of [Aus] for the annealed 
samples associated with each diffusion time. The result is presented in Figure 6.5, 
which indicates a maximum difference at approximately 30 minutes of diffusion time. 
SRP measurements were taken across the face of a bevel polished through the 
specimen section. Depths reported in Figures 6.1  6.3 are computed on the basis of the 
bevel angle. Error in determining this angle leads to cumulative error in the reported 
depth of measurement. Also, resistance measurements are influenced by specimen 42 
thickness and the instrument probes' proximity to the specimen's thin edge. For these 
reasons, reported values of depth and [Aug] in Figures 6.1  6.3 are not so accurate at 
the far surface  (400-500 pm) as they are near the Au-deposited surface (0-100 pm). 
Data near the surfaces were not used in any analyses for this work. 
If a straight line is drawn through the first two points of each curve in Figure 6.4, 
each extrapolates back to a positive time. The data from the annealed specimens 
extrapolates to a start time of 1.0 minute, while the specimens which did not receive 
an anneal prior to diffusion extrapolate to a start time of 1.3 minutes. The difference 
between 1.0 minute and 1.3 minutes for the intercept times probably is not meaningful. 
Significance of the intercept will be discussed in the next section. 
Discussion 
As just mentioned above, the initial portions of each curve in Figure 6.4 extrapolate 
back to positive times. This is  realistic for two reasons.  First, there is some 
undetermined but finite time after insertion into the furnace before the specimens 
become hot enough for appreciable Au interstitial, Au diffusion. The second reason 
is that there must be some fmite time for Au; to diffuse to the center of a specimen 
before they can accumulate as Aug. As an illustration, consider this simple calculation. 
The parameter 2(Dt)112,  where D is  the diffusion coefficient  at the diffusion 
temperature, is commonly used as a representation of diffusion depth from a constant 
concentration source at a plane surface. This represents the distance where 43 
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Figure 6.1  [Aug] as a function of depth for unannealed sample after Au diffusion for 
5 min. at 960C. Profile begins at surface which received Au deposit. (Specimen 3-B5) 44 
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Figure 6.2  [Aug] as a function of depth for unannealed sample after Au diffusion for 
60 min. at 960C. Profile begins at surface which received Au deposit. (Specimen R3­
B60) 45 
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Figure 6.3 [Aug] as a function of depth for annealed sample after Au diffusion for 60 
min. at 960C. Profile begins at surface which received Au deposit. (Specimen R3-A60, 
preanneal for 21 days at 960C.) 46 
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Figure 6.4 [Aug] versus t "2 for diffusion specimens determined at center of specimens. 
Annealed at 960C before Au diffusion and as-received Si. Note extra data points from 
replication experiments for 0=7.75 and t112=15.5. 47 
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Figure 6.5 Differences between curves in Figure 6.4 plotted against t'. 48 
concentration drops to 0.16 of surface concentration during a constant-source diffusion. 
Let us set that parameter equal to 1/2 the wafer thickness, 2(Dt)112=0.025 cm. Using 
Weber' s68 data, compute D(T =1233K) = 6.2x10-6 cm2/s as the diffusion coefficient for 
Au from which is obtained t =25 s. This simple estimate is in reasonable accord with 
the extrapolated values for t at [Aug] =0 in Figure 6.4 of approximately one minute, 
especially if allowance is made for the specimens to become hot. 
Now return to the issue of measured values of carrier concentration, p, for the 
annealed and unannealed material. As mentioned above, the annealed crystal exhibited 
lower p than the unannealed portion of the crystal before Au diffusion. When I compute 
[Aug] for the annealed specimens using p for the original unannealed wafer and 
extrapolate back to [Aug] =0, as described above, I obtain a negative value for t. This 
is a physically unrealistic result. On the other hand, when I use the lower value of p 
measured on the crystal after the 21 day anneal, a reasonable, positive value for t is 
obtained. The decrease in p after annealing may be explained by assuming 
contamination by a very small quantity of a rapidly diffusing donor. I believe the most 
likely impurity in the system which could partially compensate shallow acceptors is Fe. 
Other than requiring use of the new value of p in computing [Aug], this very small 
contamination has no influence on the experiment. As an alternative explanation, boron 
dopant atoms may serve as nucleation sites for formation of V clusters. The presence 
of multiple Vs about a B atom may then render it electrically inactive, reducing the 
concentration of electrically active shallow acceptors in the crystal. 
The curves of Figure 6.4 exhibit an inflection. This is surprising, since it has not 
been previously reported or predicted. Also, the two curves are not coincident with one 49 
another. The differences are small, and a reasonable reader  may wonder if these 
observations are merely aberrations of the experiment. I therefore wish to present 
arguments for believing these results are real. 
A first point is that all specimens came from the same wafer, and annealed 
specimens were always paired with an unannealed specimen for any diffusion cycle. 
Thus, the difference between the two curves cannot be attributed to  error in time or 
temperature between the annealed and unannealed specimens. Each pair experienced an 
identical diffusion cycle. 
A second point is that the data are reproducible to a variation smaller than the 
observed effects. Out of skepticism for the results, I repeated the 60 minute (t112=7.75) 
and 240 minute (t112=15.5) diffusion experiments. The reader does not see all four data 
points from these replication experiments in Figure 6.4 because of overlap of some data 
point symbols. The greatest spread in the data was observed for the 240 minute 
diffusion of Au into annealed Si; one circle overlaps the lower  square at t112=15.5 
instead of overlapping its brother circle. Data scatter evidenced by these replications 
is smaller than either the separation between the two curves  or the deviations of the 
curves from linearity. The consistency of these replications are all the more remarkable 
if one considers that the replication diffusion cycles and SRP measurements  were 
separated by months from the work on the original diffusion specimens. 
A third point is that the data collectively display systematic behavior. The initial 
portions of the two curves in Figure 6.4 extrapolate back to sensible values of t,  as 
discussed previously. And Figure 6.5 helps illustrate that the differences between the 
two curves do not display a random behavior, but a systematic increase then decrease. 50 
As a further comment on the trends of Figure 6.5, note that differences between the 
two curves at very short time must be small, since at t =0, there is no Au in either 
annealed or unannealed material, and therefore the difference must begin at zero. On 
the other hand, the difference between the two curves of Figure 6.4 must diminish for 
some sufficiently long diffusion time; the saturation value of [Aus] in Si may only 
depend on temperature, not pre-anneals, since thermodynamic equilibrium is not  a 
function of history. The data of Figure 6.5 display a trend consistent with this fact. 
As a result of the preceding arguments, I conclude that (1) annealed Si crystal 
accumulated [Au.] at a lower rate than unannealed crystal during the initial period of 
Au diffusion cycle, and (2) [Au.] at the center of a diffusion specimen is not necessarily 
a linear function of t "2. 
In context of the customary practice of interpreting diffusion in Si in terms of Si 
the extended anneal at 960C might be interpreted to have produced an excess of Si,, 
which were retained in the crystal through subsequent cooling, Au deposition and re­
heating for Au diffusion. These extra Si, would suppress diffusion of Au, into the 
crystal'. However, this argument raises the question "why weren't Si, retained from 
the higher temperature crystal growth, and why didn't those diffuse out during the 960C 
anneal'?" If Si, were diffusing out of the crystal during the anneal, [Aus] should increase 
more rapidly in the annealed crystal. The opposite result was obtained. 
In light of the evidence for vacancies and V clusters in Si, which were reviewed 
in Chapter 2, it seems more reasonable to invoke V clusters and the Frank-Turnbull' 
mechanism to explain conclusion (1), that Au accumulates at a lower rate in the pre-
annealed samples. The relatively rapid accumulation of Aus in the unannealed Si implies 51 
that substitutional sites are more readily available in the unannealed Si than in the 
annealed material. If we begin by assuming that Vs were retained from the high 
temperature crystal growth process, then it follows that there may be Vs present in 
excess of the equilibrium concentration for the temperature of the diffusion experiment. 
Suppose that these excess Vs tend to cluster, and that the clusters have some 
distribution of sizes. Further assume that it is from these V clusters that the Au,s obtain 
vacant lattice sites to become Au,. The V clusters may undergo Ostwald ripening during 
an anneal, i.e. larger, more stable clusters grow at the expense of smaller clusters. 
When Au diffusion is initiated, Au, will encounter V clusters in the course of their 
random-walk migration through the crystal. Since there are fewer V clusters in annealed 
Si, as a result of Ostwald ripening, it follows that Au, will have a longer mean diffusion 
path before encountering a V cluster, thus accounting for the lower rate at which 
annealed crystal accumulates Au,. It may alternately be argued that the increased 
stability associated with larger V clusters reduces the probability of having the clusters 
dissociate to provide substitutional sites for Au to occupy. 
As an explanation of the preceding statement, consider that one V has 4 
uncompleted covalent bonds, but a divacancy has 6 uncompleted covalent bonds, or 3 
per V. Consider, further, that 5 Vs can be arranged into a tetrahedral shape  a vacant 
site with Vs on each of the 4 nearest-neighbor sites. Such a configuration would involve 
3 x 4 = 12 uncompleted bonds in the crystal, or 2.4 per vacancy. As one more 
example, consider that it is possible to arrange 10 vacancies into a polyhedron with 16 
uncompleted bonds, which is only 1.6 unsatisfied bonds per V. (See Figure 6.6.) Thus, 52 
we see that the number of uncompleted bonds in a crystal decreases as Vs form 
progressively larger clusters. Since uncompleted bonds are associated with higher 
energy, clustering of Vs is favored because it lowers system energy. If this idea is 
extended to very large clusters of Vs, then instead of speaking of uncompleted bonds, 
we would speak of surface energy, and the formulations of Lifshitz and Slyozoe would 
apply. Thus, we expect to have fewer, but larger and more stable, V clusters present 
in annealed crystal than in as-grown crystal. 
Up to this point, I have assumed that V clusters supply vacant lattice sites for Au, 
to occupy substitutionally, but no consideration has been given to possible interaction 
of Au atoms with V clusters. I do not know of any theoretical work which would help 
in understanding the details of how Au, would interact with V clusters to produce 
electrically active Au,. The low solubility of Au in Si, along with the low eutectic 
temperature (363C) of the Au-Si system suggest that Au has a strong destabilizing 
influence on the Si crystal bonds. If this is so, then Au atoms may lower the  energy 
barrier to emission of individual Vs when Au atoms are near or are in a V cluster. An 
accurate description of how Aug accumulates within Si crystal may therefore be very 
complicated. 
Summarizing: annealing Si may slow the accumulation of Au, by producing fewer, 
more stable V clusters. 
Now return to the second conclusion, that [Aug] is not linear as t112. In particular, 
the curves of Figure 6.4 have inflections somewhere in the range of 1-3 hours. This 
behavior has not been previously reported. Assuming that previous investigations 
utilized analytical methods which were sensitive enough to observe inflections if they 53 
Figure 6.6  Possible configuration of a cluster of 10 vacancies in  a diamond cubic 
crystal. 
were present, I conclude that the behavior of the curves in Figure 6.4 are either a 
phenomenon which only occurs under some special combination of circumstances,  or 
they are aberrations due to experimental error. I cannot prove that there was not any 
mistake in the experiment, however, the reproducibility evidenced in  replication 
diffusions for t "2 =7.75 and 15.5 as well as the consistency of trends exhibited in the 54 
data leave me reluctant to dismiss the unexpected inflection in the data curves. If it is 
not real, I am fooled by a remarkable combination of coincidences. 
If we suppose that furnace temperature was low during the 3 hr.(t1/2=13.4) Au 
diffusion so that Au, accumulation was retarded, and if we eliminate those data, then 
the remaining data of Figure 6.4 still evidence a non-linear behavior with an inflection. 
Similar errors would be necessary in the proper order to produce the systematic trend. 
In light of the fact that the trends are supported by replication experiments performed 
months after the original diffusion experiments, it is unlikely that the inflection in the 
curves of Figure 6.4 are due merely to an isolated mistake. Rejection of the data for 
this reason is not justified. The preceding argument is equally applicable to other 
sources of errors, such as dislocations or scratches on the surface used for SRP 
measurements. 
Because no other investigators have reported inflections in their [Auj vs.  t "2 
curves, it is reasonable to propose that the non-linear behavior exhibited in Figure 6.4 
is observable only under some special circumstances. Data are not sufficient to define 
what those circumstances might be, but other work provides some support for the 
experimental observations. Van Vechten and Zhang have been doing Monte Carlo 
simulations of diffusion under different combinations of assumptions to observe the 
statistical consequences of those assumptions. One series of experiments'm simulated 
diffusion in a crystal having a distribution of vacancy clusters. This set of Monte Carlo 
simulations produced a [Ms] vs.  t "2 curve with deviation from linearity which is 
suggestive of the trend seen in Figure 6.4. 55 
Conclusion 
Au was diffused into chips of Si taken from a wafer of Float Zone crystal. Some 
specimens represented the as-received wafer, while others were taken from an annealed 
portion of the wafer. 
After examining substitutional Au accumulation at the centers of the diffusion 
specimens, I found that Au accumulated more slowly in the material which received an 
anneal prior to Au diffusion than in the as-received material. I interpreted this result to 
be evidence for Ostwald Ripening of vacancy clusters. (The clusters are composed of 
vacancies retained in the crystal after the high temperature crystal growth process. ) 
An additional, unexpected observation was that Au does not necessarily accumulate 
at the center of diffusion specimens in proportion to t "2, as has been previously 
reported. 56 
Chapter 7.
 
Summary and Concluding Remarks
 
In Chapter 2 it was shown that the published literature provides little evidence for 
the existence of Si self-interstitials, Si while there is a larger body of literature 
justifying belief that vacancies are present as native defects in Si. Chapters 3 and 4 
serve as counter arguments to important evidence used to justify belief that Si, is an 
important defect in Si crystals. Chapter 3 discussed a paper by Gosele et al" which has 
been widely regarded as proof that Si, defects are important in diffusion processes; it 
was argued that the paper does not truly justify invoking Si, defects when modeling 
diffusion. Chapter 4 argued that type A swirl defects are not evidence for believing that 
large numbers of Si, are present in Si crystal, as has been claimed. Chapters 5 and 6 
presented experimental data demonstrating that Au diffusion behavior may be influenced 
by heat treatments prior to deposition of Au. These results were interpreted in terms 
of vacancy clusters. 
In more general terms, diffusion models invoking Si, defects incorporate expressions 
and adjustable parameters suited to fitting equations to a particular set of data, and that 
has led to the illusion of success in modeling diffusion with Si, defects. The apparent 
success of the diffusion models has led to wide-spread belief that Si, is an important 
native defect in Si. But existing diffusion models for Au (and other impurities) ignore 
possible effects of vacancy clusters. Though mathematical modeling of vacancy cluster 
behavior is likely to be complex, the complexity does not justify ignoring vacancies in 
favor of invoking Si, defects. 57 
It might be argued that the new observations reported in Chapters 5 and 6 may be 
explained in terms of Si  self-interstitials with suitable modification of existing 
mathematical models. Such an argument is best answered by application of an important 
philosophical issue known as Occam's Razor. Until models based on vacancies have 
been fully explored,  speculative invocation of a new entity  is  unjustified and 
inappropriate. 58 
Chapter 8.
 
Suggestions for Future Work
 
The experimental results of Chapters 5 and 6 have not been reported previously, 
and are presumably outside the range of behavior expected by most investigators 
involved with modeling diffusion in Si. The results would therefore be more convincing 
if repeatability were demonstrated by another independant investigator. It would be 
most helpful if the experiment of Chapter 5 could be performed with a pre-diffusion 
anneal under vacuum or H2. Though I presented arguments to persuade readers that the 
subsurface humps in the carrier concentration profiles represented in Figure 5.2 are not 
due to 0 in the annealing atmosphere, elimination of 0 during another experiment 
would do much to eliminate doubts of skeptics. The change in surface boundary 
conditions might produce unexpected results. 
In Chapter 6, the curves for Au accumulation at the center of diffusion specimens 
each exhibit an inflection. (See Figure 6.4) Not only was this result unexpected, but it 
remains unexplained. In the absence of a guiding model, it would be appropriate to 
attempt characterization of the phenomenon. Some questions to address are: (1) Does 
it occur again when the experiment of Chapter 6 is repeated? (2) Does it occur to the 
same extent in different manufacturer's wafers? (3) Is it a function of the wafer's 
doping level? (4) How does it vary with different annealing and Au diffusion 
temperatures? (5) What happens at longer diffusion times? (In Figure 6.4, [Aug] is 
apparently increasing rapidly after 3 hours of diffusion. Such a trend cannot continue 
indefinitely, thus raising question (5) above.) 59 
The experimental results presented in Chapters 5 and 6 exhibit only small effects 
due to heat treatment of Si prior to Au diffusion. Readers might conclude that the 
effects are too small to be of any practical concern. However, it should be recognized 
that the experimental heat treatments were selected on the basis of educated  guesses, 
and were not optimized for maximum effect. I believe that the subsurface humps in the 
carrier concentration profiles reported in Chapter 5 (see Figure 5.2)  can become much 
larger with suitable choice of wafer type, doping concentration and heat treatment 
cycle. As a next attempt, I recommend experimentation with both longer annealing time 
and higher annealing temperature. 
In regard to Ostwald Ripening behavior discussed in Chapter 6, I believe that the 
separation between two diffusion data sets (Figures 6.4 and 6.5) may be increased in 
a number of ways. One way would be to extend annealing to a very long time before 
depositing Au for diffusion. Another approach would be to subject a wafer to a high 
temperature anneal (eg. 1350C) prior to repeating the experiment of Chapter 6. I 
speculate that the high temperature anneal would partially dissolve V clusters so that 
upon cooling by removal from a furnace, there would be a larger number of small V 
clusters in the wafer than were present in the wafer as it was delivered from the 
manufacturer. The larger number of small V clusters in the starting material should 
produce a more pronounced difference in two Au accumulation curves when the 
experiment of Chapter 6 is repeated. 
As an alternative to using Au diffusion to make inferences about vacancy behavior 
in Si, investigators might apply the Cu and Li decoration techniques described and used 
by Roksnoer and Van den Boom30, mentioned in Chapter 2. As a reminder, Roksnoer 60 
and Van den Boom used Cu and Li decoration techniques in combination with x-ray 
topography to characterize D type defects in Si crystal. If it is assumed that precipitates 
are nucleating and growing on V clusters, as Roksnoer and Van den Boom asserted, 
then altering concentrations of vacancy clusters by heat treatment prior to Cu or Li 
decoration should become evident when those techniques are applied after heat 
treatment of a Si crystal. As mentioned in Chapter 2,  Roksnoer and Van den Boom 
reported that D type defects were eliminated from the surface of Si crystal after a few 
minutes of annealing at 1350C. This type of experiment is a variation on the experiment 
discussed in Chapter 5, where Cu precipitates are used instead of substitutional Au to 
identify regions near a crystal surface which have been altered by annealing. By 
repeating the Cu decoration techniques on Si crystals which have been annealed for 
different times and temperatures, it should be possible to confirm the inferences of 
Chapter 5, and it may be possible to derive some quantitative information about 
vacancy diffusion behavior. 
The Li decoration technique which was described and used by Roksnoer and Van 
den Boom' may be used to supplement the experimental work described in Chapter 6. 
The Li decoration technique provides a means to evaluate the concentration of 
microdefects in Si, without need to make complicated inferences from Au diffusion 
data. If vacancy clusters serve as nucleation sites, as alleged by Roksnoer and Van den 
Boom, and if Vs undergo Ostwald Ripening during annealing of Si crystal, as argued 
in Chapter 6, then the concentration of nucleation sites should be observed to decrease 
with annealing; it is the nature of Ostwald Ripening that there will be fewer, but larger, 
clusters after annealing. Investigators with access to x-ray topography equipment could 61 
divide a wafer into multiple pieces, subject the various pieces to different anneals and 
evaluate the concentration of nucleation sites as a means of characterizing the Ostwald 
Ripening of vacancy clusters in Si. 
Understanding of experimental work could be enhanced by some theoretical 
analyses. For example, it may be useful to have a statistical analysis of the way 
vacancies may be expected to cluster under different conditions of cooling from high 
temperature in order to describe vacancy behavior in diffusion models. Also, as 
suggested in Chapter 6, Au may interact with vacancy clusters at close range to alter 
the rate at which individual vacancies are emitted from the clusters. (This could also 
be true for other diffusing impurity atoms.) An ambitious theoretician might attempt to 
apply quantum mechanics to this subject in an effort to provide insight on impurity 
vacancy cluster interactions. 
The preceding suggestions provide a few starting points for further exploration of 
the complex issues associated with point defects and atomic diffusion in Si. 62 
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Appendix A. 
Comments on Spreading Resistance Profile Measurement 
Spreading Resistance Profile measurement, SRP, is a measurement technique which 
is useful for determining the restivity at a surface with relatively high spatial sensitivity. 
The resistivity may then be used to infer carrier concentration in a specific material, 
such as silicon crystal. SRP uses fine-tipped, closely spaced contact probes to establish 
electrical contact with a surface. When carrier concentration is to be determined as a 
function of depth through a Si wafer, the precision of spatial resolution can be increased 
by chamfering edges of specimens and measuring across the polished bevel surface. See 
reference for further detail on theory. 
SRP instruments are calibrated by making measurements on reference standards 
having known resistivity, or equivalently, known carrier concentration. Once known 
values of the reference standards have been correlated to resistance as measured through 
the instrument's probes, any resistance measured by the instrument can be correlated 
to resistivity by interpolation, or extrapolation. Normally, standards are used that span 
the intended range of application, so that extrapolation is avoided. 
As mentioned above, measurements through a wafer section are typically made on 
a polished bevel. The position of individual measurements is converted to depth through 
the section, in a direction normal to the surface, by the relation z = x sin°, where x 
represents the measurement position on the polished bevel. As there is uncertainty in 
the exact bevel angle, 0, there is systematic error in z, which increases with increasing 
values of x. This error has been observed to be as large as 6%. 
The chamfer on the specimen produces a chisel-shaped edge, which ideally narrows 
to a thickness of atomic proportions. In practice, small portions of the sharp edge chip 
away. The SRP probe is calibrated with measurements on a "thick" plane; when the 
probes contact very thin material, resistance may be significantly perturbed by the 
reduced section of conducting material so that measured resistance no longer directly 
correlates to the sample's resistivity. Similarly, when the probes contact near a chipped 
edge, measured resistance may be perturbed. 
In preparing a surface for SRP measurement, there are a number of ways that 
imperfect polishing may introduce artifacts to the SRP profile. An obvious flaw is a 
crack which is essentially two chipped edges. Another possible flaw is a scratch, which 
results in a locally non-flat surface, and is likely to have associated dislocations which 
will increase resistivity. Even when scratches have been removed, there may be 
dislocations remaining from failure to perform final polishing for a sufficiently long 
time subsequent to coarse surface preparation. Finally, polishing may smear ductile 
contaminants across a surface, altering contact resistance with a probe. 69 
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Appendix B.
 
Computation of Gold Concentration in p-type Silicon
 
Au functions as a deep donor in Si. Consider the compensation of shallow 
acceptors, which reduces carrier concentration, p, in p-type material through the 
reaction 
(B-1)  Au + p a Au+ 
The fraction of Au atoms which are ionized through this reaction may be related to the 
Fermi level through the following relation: 
(B-2)  N+/N = [1 + exp( (EF  ED) /kT )]-1 
where N+ and N are the concentrations of Au ions and total Au, respectively, EF is the 
Fermi level and ED is the Au ionization energy, measured relative to the top of the 
valence band. kT represents the product of Boltzmann's constant and temperature, as 
is customary. 
Equation B-1 describes a chemical reaction, with which there must be an associated 
change in free energy AG = AH TES. The ED in equation B-2 is this change in free 
energy. By substituting into equation B-2 and rewriting, we obtain: 
(B-3)  N+/N = [1 + Xp exp( (EF  AHD) /kT 
In equation B-3, the TES /kT term in the exponential has become the factor XP, which 
is called the entropy factor of the reaction indicated in equation B-1. Engstrom and 
Alm' observe that X. is a function of temperature. Kassing et al.' determined Xi,  to 
be 20 at room temperature and determined AHD to be .35 eV. 
Let us now consider a crystal with a concentration of shallow acceptors, NA, so that 
initially p = NA. After Au has been introduced to the crystal, p is reduced by an 
amount equal to the number of Au ions, N+, so that p = NA  N+, or 
(B-4)  N+ = NA p. 71 
Substituting equation B-4 into equation B-3 we obtain 
(B-5)  N = [1 + Xp exp( (EF  AHD) ikT )] (NA  P) 
In order to compute N, it is necessary to know EF, which is a function of p. Using 
the well known relation 
(B-6)  p = Nv exp( -EAT) 
we obtain 
(B-7)  EF = ITT In(Nv/P) 
Nv is the effective density of states, which is taken to be 1.83 x 1019 cm-3 after 
Barber". Upon substitution into equation B-5, we obtain 
(B-8)  N = [1 + X, exp( ln(Nv/p)  AHD/kr )] (NA  p) 
By substituting [Aug] for N in equation B-8, Aug concentration can be easily calculated 
from experimentally determined values of p measured before and after Au diffusion. 
Though not obvious, the equation produces a monotonically increasing value for N as 
p decreases. 
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